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By Seth B. Anderson, Hervey C. Quigley,
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SUMMARY

Tests have been conducted to determine the flight characteristics of
en F-86 sirplane equipped with a blowing-type boundary-layer-control
installation on the trailing-edge fleps. Included in this study are the
pilots! evaluation of the operational use of the boundary-layer-control
system. The effectiveness of the flap wes determined in conjumction with
slatted leading edges, and an inflatable rubber boot on the leading edge.
Measurements were made of the 1ift, drag, end flow requlrements. Perform-
ance computations were made for teke-off, climb, and landing. The results
of the flight tests are compared with those of full-scale wind-tunnel tests
of a similar type installation, and with those of flight tests of a wing-
shroud blowing system of an FJF-4 sirplane.

The results showed that blowing alr over the flap deflected 559 for
the landing-approach condition (11° angle of attack, 80-percent engine rpm)
increased the 1ift coefficient from 1.02 to 1.37 over that obtained with
the standard slotted flsp deflected 38°. Maximm 1ift coefficient was
increased from 1.4t0 for the 38° slotted flap to 1.68 for the 66° flap
deflection with blowing at meximum engine power. Improvements in perform-
snce were indicated for landing, field take-offs, and catapult-type take-
offs. The pilots! evelustion of the operational use of the blowing flap
showed reductions in average landing-approach speeds of as much as 12 knots.

INTRODUCTION

As has previously been reported, boundary-layer control (BIC) is a
promising means of improving flap 1lift at low speeds. One application
of boundary-layer control by suction through a porous material near the
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flap leading edge has been flight tested on an F-86A airplane (ref.l).
Another applicatlon, which utilizes a high~velocity alr jet directed over
the flap, has become feasible with the advent of the hlgh pressure ratio
Jet engine aeffording relatively large bleed-alr flow quantities. Initial
flight-test experlience was gained with a type of blowing boundsry-lsyer
control where the air was ejected from the wing shroud ahead of ‘the

flap (ref. 2).

In an effart to reduce the momentum requirements for the blowlng
system, tests were conducted in the Ames 40- by 80-foot wind tunnel
(ref. 3) of a YF-86D airplane where the air was ejected from the leading
edge of the flap itself.

Because the wind-tunnel tests could provide only a portion of the
information desired, the flight investigation reported upon herein was
undertaken on an F-86F airplene. The following 1tems were investigated:
(1) the 1ift increments due to blowing; (2) the effect of the boundary-
layer control on the flying gqualitlies and operation of the airplane; and
(3) the manner in which the pilot utilizes the additionel 1lift gains.

The blowing flap was tested in conjunction with variocus wing leading-
edge devices. From the 1lift and drag data obtained, computations were made
of the landing and take-off performance. Comparisons are made of flight
results on the F-86F with the wind-tunnel results of the YF-86D (ref. 3).
In addition, the flight characteristics sre compared with those obtained
in flight on the straight-wing FOF-4 alrplane of reference 2.

NOTATION

wing span, £t
drag
as
lift
asS
increment of 1ift coefficient due to flaps

drag coefficient,

1ift coefficient,

maximm 1ift coefflcient
momentum coefficient,-l;é§ vy
acceleration of gravity, 32.2 £t/sec®

engine speed, rpm

R

free-stream static pressure, 1b/sq ft
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Pg total pressure in flap duct, lb/sq £t

Pg total pressure at engine compressor ocutlet

Ps duct pressure coefficient,PQh—_-—2

q dynemic pressure, 1b/sq ft

S wing area, sq ft

Vi indicated airspeed, knots

Vi veloclty of blowlng jet expanded to free-stream static pressure,
ft/sec

Vs velocity at stall, knots

VSG veloecity at stall in glide condition, knots

W bleed air flow, 1lb/sec

g wing losding, 1b/sq Tt

& ratio of total pressure at compressor to static pressure at sea
level

8p flap deflection, deg

e ratio of total.temperature at campressor to total temperature at

sea level
EQUIPMENT AND TESTS

The instellation of the blowing-type boundary-layer control was made
on the flaps of sn F-86F airplane. A two-view drawing of the test airplane
18 shown in figure 1. Pertinent dimensions of the airplane are given in
table I. A general view of the slrplane and a close-up of the flsp are
presented in figures 2 and 3, respectively. The blowlng system consisted
of s manifold to collect alr from the last stage of the engine compressor
of the J-LTGE-27 engine, a butterfly valve controlled by the pilot, and
a 3-inch-dismeter ducting to each flap. The ducting was mounted on the
underside of the fuselage to facilitate lnstallation.

The flap used for the blowing system was a plasin type made by rework-
ing the nose section of the slotted flaps normally used on the alrplane.
The flsp tracks were removed and external hinge brackets were Iinstalled
on the undersurface of the wing, allowing flap deflections up to 66°.

A rotating O-ring-type seal was used to supply air to the flasp at a point
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on the center of flap rotation. A sketch of the flap cross section is
glven in figure 4. A photograph showing the flap ducting details is given
in figure 5. All parts of the air-supply system were made of steel. The
nozzle block was madé in two parts, the lower part of steel welded to the
3-inch-diameter tubing, the upper part forming the nozzle exit of 2024-T
aluminum, fastened by screws to the steel nozzle block. Spacers were used
&t 3-inch spen intervals to provide a 0.020-inch nozzle gap. The area of
the nozzle was 0.0221 square feet. '

The weight of the boundary-layer control equipment for this research-
type installation was 175 pounds. In a production-type installation a con-
sldersble savings in weight should be possible.

The smount of engine bleed air used at various engine speeds is pre-
sented in figure 6. These values of bleed air correspond to approximately
3.5 percent of the primsry engine air flow. The bleed flow quantity was
calculated from one~dimensional flow equations using measured values of
Pressure, temperature, and nozzle srea. The variation of stetic thrust
(measured on a thrust stand) with percent engine speed is presented in
figure 7 with and without bleed alr extraction. It can be noted that for

the blowling-on case there was & reduction in static thrust of approximstely

5 percent. The varlation of pressure ratio with percent engine speed is
pPresented in figure 8. It will be noted that sonic flow would occur in the
nozzle exit at approximetely 63-percent rpm.

Standard NACA instruments were used to record eilrspeed, altitude,
acceleration, duct pressures, and angle of attack. Values of airspeed,
altitude, and angle of attack were measured spproximately 8 feet ahesd af
the fuselsge nose. Duct pressures in the flaps were measured at the mid-
span station of the flaps.

The flight tests were conducted with a number of wing leading-edge
devices. These included an F-86D-type slat, a 6-3 slat, and an inflatable
rubber boot on a 6-3 leading edge. The latter leading edge could be
inflated to cover a range of leading-edge radil and amounts of camber by
adJusting the internsl pressure. For these tests en internal pressure of
10 pounds per square inch gage was used which gave a leading-edge radius
of l.57-percent chord. A sketch of the cross sectlon of esch leading-edge
device is shown in figure 9. The majority of date presented herein are
for the 6-3 slat, since this is the leading edge currently used with F-86F
type ailrplsanes. - '

Tests were conducted at sea level and 5,000 feet over a speed range
from 170 knots to the stall. An average wing loading of 45.5 pounds per
square foot was used with the take~off center of gravity at 24.1 and
26.6-percent mean aerodynamic chord for the ailrplane with the F-86D slatted

G
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leeding edge and 6-3 leading edge, respectively.l The engine rpm wes held
fixed for a given series of test runs. Tests were conducted at trailing-
edge flap deflections of 38°, 45°, 55°, 60°, and 66°.

RESULTS AND DISCUSSION

Airplene with 6-3 Slatted Leading Edge

Lift.- Lift data are presented in figure lo(a) Tor various flap
deflections with blowlng on and off for 100-percent engine rpm, in fig-
ure 10(b) for 80-percent rpm, and in figure 10(c) for various percent
engine rpm for 60° flap deflection. For comparative purposes, date are
shown in figure 11 for the standard 38° slotted flap, normally used on the
airplene. The equations used to determine Cyp and Cp are discussed in
Appendix A of reference 2. The data in figure 10 Indicate substantial
increases in 1ift resulting fram the application of blowing at 211 flsp
deflections. It will be noted that the angle of sttack for maximm 1ift
coefficient decreases with the spplication of blowing, with increase in
flap deflection, and with amount of blowing. The effect of various
leading-edge devices on the 1ift will be discussed later.

The improvement in flap 1lift for the case with blowing on over that
obtained with the standard 380 slotted flap can be seen by compering the
data in figures 10 and 11; with the 55° flap deflectlon there was an
increase in Cy, fraom 1.02 to 1.37 at the landing-approach attitude
(e = 11°, 80-percent rpm) and with the 66° flap deflection an incresse in
Cr fram 1.40 to 1.68 at maximum engine power.

It can be observed from the data in figure 10 that the magnitude of
the flap 1ift increment due to blowing varies over the angle-of-attack
range. The varistion of flasp 1ift increment with angle of attack for var-
ious flap deflections is presented in figure 12. It is noteworthy that
meximm flap 1ift oceurs in the angle-of-attack range (10° to 12°) for
the landing approasch.. These results are similsr to those obtained on the
F9F-L4 asirplane (fig. 10 of ref. 2).

Drag.- The drag results presented in figure 10 indicate that at low
1ift coefficients blowing caused an increase in drag at a given flap
deflection (at a constant Cr,). Thus, slthough the profile drag must be
reduced by blowing, the induced drag has increased sufficiently to raise
the total drag values. This increase in induced drsg is & result of the
increased distortion in span loasding occurring with the relatively short-
span, high-1ift flap. It can be noted that the drag wvalues are reduced
near (g by blowing. Similar results concerning drag were obtained in

other boundary-layer control investigations (refs. 1, 2, and 3).

1The designation "6-3" refers to a Ffull-spen chord extension of
6 inches at the wing root and 3 Inches at the wing tip.

ST
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Effect of momentum coefficient, Cj, on lift.- The varlation of 1ift

coefficient with momentum coefficient 1s presented in figure 13 st various
flap angles and for angles of attack of 8%, 12°, and that corresponding to
Cy . These data indicate that as the momentum coefficlent was increased,

the 1lift first increased rapidly and then increased more slowly. Wind-
tunnel tests of reference 3 indicated that the initial Increase in lift was
associated with control of the boundary layer on the flap. The continued
inerease in 1ift is due to an increase in circulstion induced by the Jjet
flow over the flap. It can be observed from the data in figure 13 that
most of the increase in 1ift occurs in the C, range up to 0.005. It is

shown by the data in figure 14 that a Cu of 0.005 is obtalned for an
engine rpm of approximately 60 percent. Tke Cyp variation with Cp, 1s

presented slong with the 1ift data of figure 10.

One item to be noted in the data of figure 13 is the fact that for a
given Cp range and at a constant o the change in 1ift with change in
Cy 1is greater for the larger values of flap deflection. It 1s also shown
that less chenge in 1ift for a.glven C; renge is obtained at the higher
angles of attack. This latter effect is believed to be due to the presence
of a thicker boundasry layer sghead of the flap at the higher angles of '
asttack. A compenssting effect with this blowing boundary-layer control

system is the fact that larger values of C are avaeilable as the angle of
attack is increased in steady straight flight (i.e., as the airplane slows

down).

Comparison of flap 1ift with theory.- In order to assess the 1lift
effectiveness of & flap 1t is convenient to compare with the 1ift predicted
by inviscid flow theory, in which, of course, no Tlow separation 1s
assumed. Values of flap 1ift increment for various flap deflections are
presented in figure 15 for blowing on and off at various values of angle of
attack. Results for the configuration with the gear up are included in
this figure in order to more closely approximate the theoreticel condi-
tions. The theoretical 1i1ft values were calculated using reference 4 with
a correction for pitching moment obtalned from reference 5. The results in
figure 15 for 550 f£lap deflection indicate that for blowing off, flap 1lift
effectiveness is considerably below theory at all values of angle of
attack. Applying blowing increased flsp 1ift beyond the theoretical value
at the two lower values of «.

An exsmination of the data in figure 15 for the gear-down condition at
various flap deflections discloses that increases in 1ift with incresse in
flap deflection were still being obtained up to the highest flap deflection
tested. It is felt, however, that 1ift obtained at flap deflections beyond
£66° would not be uséful for the test airplane due to the assoclated drag

increase, (See Pilot Evaluation of the Use of Boundary-Layer Control.)
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Airplane With Vaerious Leading-Edge Devices

One of the factors influencing the utllity of the 1lift gains of a
boundary-layer control flsp is the wing leading-edge stall. As mentioned
previously, the effect of zpplying boundsry-layer control to the flap was
to cause a stall at a lower angle of attack. This shift in angle of attack
is felt to result from a stall at the wing leading edge induced by the
increase in 1ift due to the flap. If & powerful leading-edge protection
were used, considerable gain in meximm 1ift would be forthecomling with
blowing on. Extending the 1ift to higher anglies aof attack can be accom-
plished by the use of various devices such as slats or camber in the for-
ward portion of the airfoil combined with & large leading-edge radius.

The effect of the F-86D slats and the inflateble leading edge on the
1lift and drag characteristics 1s indicated by the data in figure 16 for a
flap deflection of 55° at 80-percent rpm. First, it can be seen that the
inflated leading edge provided leading-edge protection to the same angle
of attack for tralling-edge flap blowing on or off. Similar protection was
obtained with a nose flap on the FOP-I airplane (ref. 2). As a point of
interest, it can be noted (fig. 16(a)) that with the F-86D slats open no
increase in Crp.. occurred with blowing on although the stalling charac-

teristics were made tolerdgble and the 1ift was extended to a higher value
of angle of attack with the slats open. No runs were made with the 6-3
slats closed. It can be inferred, however, by camparing msximmm 1Iift
values with the 6-3 slats operating (fig. 10(b))} with those obtained with
the lesding-edge boot deflated (fig. 16(b)}) that relatively large improve-
ments in Cf result when using the 6-3 slat in conjunction with the

blowing over the trailing-edge flap.

With the inflated leadlng edge the highest chax value was attained,

although the maximum 1lift would bave to be compramised somewhat for more
desirable stall characteristics. The stall was chsracterized by an sbrupt
roll-off which was not mitigated sppreciably by the installation of the
staendard 6-3 leading-edge fence. Further tailoring to find a more satis-
factory fence configuration was not carried out due to difficulties exper-
ienced in bonding the rubber boot to the wing skin.

A summary of the maximm 1ift characteristics for the various leading-
edge devices is presented in the following table. The stalling speed
values were based on a wing loading of L5 pounds per square foot,
80-percent engine rpm, and 55° flasp deFflectiom.
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Lead edge v ?
configﬁrat%on Blowing| CLmax knits -
F-86D slets i
Open On 1.61} 88.6
Open Off 1.43] 93.5
Closed On 1.60] 9%
Closed off 1.33| 97.5
Inflatable boot )
on Oon 1.67] 87
Oon of f 1.37] 96
off On 1.37| 97
Ooff off 1.18| 104
6-3 slats )
Open On 1.59] 89.4
Open off 1.42] 9h.

The variastion of stalling speed with gross weight is presented in figure 17
for the 6-3 slatted leading edge and various flap deflections and engine
rpm. These data indicate that the largest percentage reduction in stalling
speed due to blowing occurs at the lowest gross weights for a given engine
power. This is due to the fact that for a given engine power smaller Cy
values are avellsble at the higher gross welights.

As another point of interest, the flap 1ift increments over the angle-
of -attack range from 0° to that corresponding to Cf are presented in

figure 18 for the various leading-edge devices and By = 55° at 80-percent
rpm. From an inspection of these data it can be observed that there are
only smsell differences in magnitude of the flap 1ift increment at a glven
angle of attack for the various leading edges. Thus it would appear that
the flap lift increment was insensitive to the fact that the slats did not
extend to the inboerd edge of the leading edge. In this regard the aréE;
suction flap discussed in reference 6 was noted to have suffered a reduc-
tion in 1ift due to & vortex shed from the inboard edge of the slat.

Figure 19 shows a comperison between flight and wind-tunnel results
for the F-86D slatted leading edge with the flap deflected 60°. The flight
results are presented for the gear-up condition to correspond with the
tunnel tests (ref. 3). These data show reascnably good correlation between
the wind-tunnel results and the flight results over the Cj range tested.

Operational Chsracteristics

In the evelustion of the performance of the airplane, actual measure- .
ments of landing end take-off distances, climb, and catapult launching were .
not made; but by the use of the 1lift and drag data obtained with the 6-3
slatted leading edge and engine thrust, computations have been made of the ~

o
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performance. The methods used for computing performance are contained in
the appendix of reference 1 and are felt to be adeguate for comperative
purposes.

Landing performance.- The landing dlistsnce over a 50-foot obstacle
and the ground roll distence were computed for the landing configuration
using the average approach speeds selected by the pilots and are presented
in figure 20 for flap deflections of 55° and 66°, blowing on and off. For
comparison purposes the computed distences for the normsl 38° slotted flap
deflection are also presented in figure 20. These data indicate that =a
reduction of approximately 30 percent in total distance would be realized
using the 66° flap deflection with blowing on at an slrplsne gross weight
of 14,000 pounds.

Take~-off performance.- In the computatlons for take-off and elimb,
account is taken of the thrust loss Incurred as a result of extracting air
from the engine compressor. In order to operate the engine wlthin the
allowable tailpipe temperature when extracting alr for boundary-layer con-
trol, a reduced value of rpm is used. The thrust reduction was approxi-
metely 270 pounds at maximmm power.

In considering a catapult type take-off this reduction in thrust is
not too significant, slince take-off acceleration is provided principally
by the catapult itself. It is required, however, that sufficlent engine
thrust be avallseble to accelerate the airplane after lsunch with a minimum
longitudinal acceleration of approximately 0.065g.2 Lift-off speed 1s
selected as the speed at 0.9 Cr or gt the msximum grouwnd attitude.

The results of computations of the teke-off speeds at the end of the cata-
pult run as a function of gross weight for various flap deflectlons with
blowing on and off are presented in figure 21. Indicated on this figure
are the H8-catapult chasracteristice. The results indicate significant
improvements in performence with blowing on. Compared to the 38° deflec-
tion of the slotted flsp, the 66° deflection of the flap with boundary-
layer control would allow an 8-knot reduction in catapult teke-off speed
at a gross weight of 16,000 pounds. At this gross weight the longitudinal
acceleration would be spproximately 0.15g.

With regerd to a field take-off, the assumption is made that the air-
plane accelerates on the ground in a level attitude, and at take-off speed
the airplane is rotated to the angle of attack corresponding to a veloecity
of 1.2 Vgggj1- For the transition distance, it is assumed that the air-
plane is in a steady rate of climb at the value for the 50-foot-height
point. The results of the computations presented in flgure 22 indicate
smell improvements in total distance over a 50-foot obstecle with blowing
on for the h5° flap deflection compared wlth the standard 38° slotted flap.
The teke-off performence was camputed with the maximum possible Cpy

2Asgumed minimum acceleration value used to assure that the alrplane

does not sink after launch.
‘Flliiﬁﬁﬂiiﬁggﬂid
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available. Reducing the air flow to the flaps to reduce the thrust loss
and thus operate at a lower Cp made a further improvement in the take-off
performance. By wailting until take~off speed is reached before turning on
the boundary-layer control, a 6-percent reduction in total distance would
be reslized over the standerd technique.

Climb characteristics.- The rgte of climb efter a catapult take-coff
(1.05 Vstalijfis presented as a functlon of gross welght in figure 23.
Although the rate of climb 1s reduced when blowing is used, 1t should be
kept in mind that due to the lower stalling speed it 1s possible to climb
at a lower alrspeed with blowlng on.

Pilot Evaluation of the Use of Boundery-layer Control

A total of 48 flights were made by four Ames pilots, a number of com~
peny test pilots, and service pllots to evaluate the airplane with and
without boundary-layer control. In particulsr, 1t was desired to know the
effect of BLC on the 1anding-approach speeds take-off characteristics, and
flying qualities. .

Approaech speeds.- The landing-spproach speeds chosen by the NACA
pilots for a carrier-type approach at 12,850 pounds, the stalling speeds,
and the stalling characteristics are presented in table II for the airplane
with vaerious leasding-edge devices for 55° flap deflection. Included in the
table for comparison are the values for the slotted flap (8¢ = 38°).

These data indicate that substantial reductions in approach speed are
realized with the boundary-layer comtrol operating. For the normsl type
slatted leading edge, & 12-knot reduction in average approach speed over
the slotted flap was obtained, while a 9-knot reduction was obtained with
the 6-3 slatted leading edge. The veriation of average approach speed
with gross weight with the 6-3 leading edge for the 55° flap deflectionm,
blowing on and off, and the slotted flsp is presented in figure 24, These
date were computed on the assumption that the pilot would approach at the
seme angle of attack regardless of gross weight.2

The reasons given by the pilots for selecting & minimum comfortable
approach speed changed in most cases from the abillity to arrest a sink
rate or to control altlitude without boundary-layer control to proximity
to the stall with boundary-layer control an. The relationshlp between
the pilots' selected approach speeds on the 1lift curves with the 6-3
glatted leading edge is given in figure 25. These data Indicate that the
pllots did not maske spproaches at the same angle of attack with blowing
on and off. Although the pllots felt that the ability to control altitude

3Several pllots commented on the improvement In turning performence
during landing approach by noting an increase in attalnsble angle of bank
or normal acceleration with blowing on.

SISONPTOTNTIAT e
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while maintaining e desired approach airspeed was greatly improved with
blowing on, a reduction in angle of attack was necessary to maintain =a
safe mesrgin below meximm 1ift.

Each pilot also made carrier spprosches with the flaps deflected 66°.
In this case the increased 1lift resulted in only small (1 to 2 knots)
reductions in approach speed. The 66° flap deflection was not felt to be
desireble for carrier spproaches hecause of the incressed drag ceusing
poorer wave-off performance.

The foregoing discussion has been concerned with cerrier-type
approaches which are made at essentialily constant a2ltitude with power for
level flight. For normel fleld operatlon, & sinking-type approach is used
at reduced engine powers. DBecsuse engine power has a direct effect on the
amount of Tlap 1ift produced with blowing on, as well aa affecting the
steepness of the glide path, the approach speeds selected in a sinking-~type
approach will vary, depending on the amount of power used. The effect of
engine power on f£lap 1lift increment is Indicated by the data presented in
figure 26 for a 55° Plap deflection. The dats show a smooth vaerlation of
flep 1ift with rpm. Figure 27 shows the veriation of approasch speed chosen
with engine rpm for a 55° flap deflection with boundary~layer control on
end off. These approaches were mede at constant power and constent alr-
speed with the throttle retarded after the Plare (except for idle condi=-
tion). Although sn apprecisble amount of 1ift due to blowing is present
even at idie power, the data in figure 27 indicated that if the entire
gpproach is made near idle power little or no reduction in approech speed
would be realized. In order to get the maximm ubtilization of the
boundary-layer control for a sinking-type approach, the RACA pilots modi-
fied their approach and used low power to reduce sirspeed and lose altitude
in the early part of the landing patbern, and then Increased power in the
last part of the finsl spproach, wlth a cubt in power after the flare.

Finel aspproach speeds for landings made in this menner could be as slow

a8 those obtained in the carrier-type spproaches. In an approach where
TO=percent rpm was maintained wntil the landing flsre was initiated, due
to wind=milliing action, the engine rpm dropped off only 55 percent, For
the sinking-type approach some pilots preferred a 66° flep deflection since
the added drag permitted higher engine rpm and resulted in Improved engine
response and increased 1ift due to blowing.

In regard to instrument-type lendings seversl pilots cormmented that
with blowing on the airplane wes held more easily at a deslred spproach
speed. This effect is presumsbly tied in with the incressed slope of the
Cy, - Cp curve with blowing on which results in smaller drag changes for
a given 1lift change.

In order to investigate further the action of boundasry-layer control
in sinking-type approaches, several GCA (ground control approach)
approaches were made uslng the Moffett Field GCA facilitles. The pllot's
comments were as follows:

L ceciuaues —

»
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"The first approach was made attempting to use the technique described in
the pilot's handbook (i.e., power comstant at T8 percent, 150 knots, on
level portion of final approach, and upon reaching glide slope, opening
speed brakes which is supposed to result in 500 feet per minute rate of
descent at 150 knots). The flaps were set at 380, blowing off. Altitude
control was good; however, it seemed rather difficult to meintain the
desired sirspeed and s number of power corrections had to be made. Even
80, rather large excursions from the desired alrspeed occurred (10 to 15
knots). The second approach was made with 55° flap deflection with
boundary-layer caontrol off. The entire approach was made gt 130 knots
which seemed qulte comfortable. Power required was about 80 percent,

speed brakes were opened upon reaching the glide slope. In general, it
seemed easier to hold close to the desired airspeed. Altitude control
again was good. Two approaches were then made with the boundary-layer
control on. On the first the flep deflection was left at 55° throughout
the approach and the speed brakes were opened to gtart the rate of descent.
On the second, 559 flap deflection was used to the glide slope, at which
point the flaps were lowered to 660, leaving the speed brskes retracted.
This latter procedure seemed the most effective in commencing the 500 feet
per minute rate of descent. The desirable approach speed seemed to be
115 knots which required sbout 83-percent rpm. Speed cantrol with
boundary-layer control on is excellent. Glide slope corrections were eas-
1ly mede with little effort, requiring only slight chasnges in power. Once
the correct power and rate of descent were established the alrplane seemed
to ride down the glide slope as if it were on a track.”

Other pilots made comments relstive to the take-off characteristics.
The.fact that additional 1ift was svallable with no change in attitude when
the blowing was turned on was appreclated by some pilots and was felt to be
desirable for instrument-type teke-offs. It was also noted that the c¢limb-
out angle was increased with the blowing on. However, because of the high
drag above 110 knots a modified climb-out technique was used to get maximum
performasnce (i.e., climb initially st 100 to 110 knots, then turn boundary-
layer control off before accelerating).

Flying qualities.- The following discussion will cover those items on
which boundary-leyer control had an effect. All other flying gualities
were wmaffected by boundary-layer control operation.

The longitudinsl trim changes due to the operation of the boundary-
layer control system on this sirplane were considered to be excessive by
the pilot. The measured control forces ere presented in the following
table for the pertinent conditions outlined in Air Force Specification

MIL F-8785 (ASG), reference 7.
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Longitudinal Initial trim condition onfi etion Ea.rg.mel'ltefd
tick £ Lgur: o be he
°oe 1b oress %geoii’ Gear | Flaps é’ggggﬁt BLC © constant

140
0 Down Tl ——— ——
(L4 VS g) W | 8 o

7 pull 140 Down |55° down 80 Off | Flaps down Altitude
18 pull 140 | Down [55°down | 87 on BIC on Altitude

o 140 Up_ |55%dowm | 100 On -—— -

15 push -— Up [55%down | 100 |Off | BIC off Rﬁﬁmgf
Rete of

2k push —— Up Up 100 off | Flaps up olimb

4 Although the trim changes noted in the teble exceed the allowsble
10-pound push or pull value of reference 7, it is not felt that the
boundary-layer control operation in itself would represent a serious trim

change problem.

It can be noted that large trim chsnges were encoumtered

in operation of the flaps alone and result from the type of force feel
system (irreversible control system with a bungee-fixed spring gradient

picked on the basis of high-speed flight) employed on this silrplane.

It

is of interest to note that the pitching-moment change with the application
of blowing measured for the airplane in reference 3 was In an opposite

direction to that meassured in flight in the present investigation.

The

reason for this is felt to be due to the difference in horizontal tail
geometry between the two ailrplsnes.

The effect of the boundary-layer control on the stalling cheracteris-
tics was dependent somewhat on the type of leading-edge device employed

with 1t.

For the 6-3 slats and the slotted flap (8p = 38°) the stall was

characterized by & mild pitch-up coupled with a latersl unstesdiness which

was coantrollasble.

The pitch-up was followed by a pltch-down. There was

no stall warning. The stall in this configuration wss considered satis-

factory.

the pitch-up was more proncunced.

With the plain flap deflected 55° and boundary-layer control off,
Applying boundary-layer control tended

to. increase the pltch-up and the stall itself was considered marginal to

unsatisfactory due chiefly to the poor stall recovery characteristics.

In

order to recover from the stall, large forward stick displacements were

necessary asnd the assoclated stick forces were objectionsable.

The pitch-up

at the stall end the poor stall recovery characteristics were aggravated by
the extreme rearward center-of-gravity location (approximately 27 percent)

with the 6-3 slats installed.

With the F-86D slats, the stall was con~

sidered satisfactory for all conditions; however, the gpplication of
boundary-layer control tended to reduce the stall warning and render it
marginal to umsstisfactory. With the rubber-boot leading edge inflated the
stall was unsatilsfactory, both with boundary-layer control off or on, due

to & pitch-up and an @brupt roll-off.
layer control off, the roli-off was slower and somewhat controllsble.

With the boot deflated snd boundary-

As

mentioned previously, the addition of the stendard 6-3 leading-edge fence
d1d not alter the stalling cheracteristics appreciably.

RANREEENTIAL Y
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CONCLUSIONS

The following conclusions are based on measurements of the flight
characteristics of an F~86F airplane equipped with blowing-type boundsry-
layer control:

1. Blowing air over the flap deflected 55° resulted in an increase in
1lift coefficient from 1.02 to 1.37 for the landing-spproach configuration
(11° angle of attack, 80 percent engine rpm) over that obtained with the
standard slotted flap deflected 38°. Maximum 1lift was increased from 1.40
for the slotted flap to 1.68 for the deflected 66° flap with blowing at
meximum engine power. e e e C

2. Comparison with theoretical flap eff'ectiveness indicated that the
flap 1lift increments predicted by linear, inviscld fluld theory of refer-
ence L4 were attained.

3. Most of the increase In flap 1ift due to blowing occurred in the
Cu range up to 0.005 with a steady increase in 1ift with increase in Cp
up to the largest Cu values tested.

L, Of the various leading edges tested, the inflated rubber boot pro-
duced the highest value of Cg ; however, the stalling characteristics

were considered unsatisfactory. The 6-3 slatted leading edge was consid-
ered by the pilots to be the best leading edge for landing approach,
resulting in the lowest approach speed (96 knots) in spite of the object-
ionable pitch-up characteristics noted at the stall. The type of leading
edge had only a small efféct on the 1ift increment due to blowing at =
glven angle of attack below Clmax®

5. In regard to pérformarice, Use ol blowing at a flap deflection of
66° reduced the calculated landing distance by 30 percent compared to the
standard 38° slotted flap. In take-off performance, the catspult end speed
at a given gross welght was reduced by 8 knots due to blowing. For a
field-type take-off, 45° flap deflection was optimum for the case with
blowing on; however, these geins were reletively small.

6. The use of blowing with the 55° flap deflection reduced the aver-
age approach speed by as much as 12 knots 1n a carrier-type aspproach com-
pared to the slotted flap deflected 380. In sinking-type approsaches
smaller reductions in speed were realized; the flatter the approach engle
with a resultant increase in approach power, the greater the speed reduc-
tion. '

T. Improvements were noted by the pllots In control of the airplene _
glide path with blowing on. Improvements were noted also in take-off since
the airplene would tend to fly off without as much rotation in attitude

required.
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8. The longitudinsl trim changes due to flap deflection and applica-
tion of blowing were considered excessive by the pilots.

9. In some ceses the stalling characteristics were made less desiry-
able with blowing on.

Ames Aeronautical Iaboratory
National Advisory Committee for Aeronsutics
Moffett Field, Celif., July 30, 1956
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TABLE T.- DIMENSIONS OF TEST ATRPLANE

Wing

Total area, sq £t (with F 86D-type 8lats) « ¢ « « ¢ « . . &« o 287.9
Total area, sq £t (with 6-3 leading €dge) « o « o & o + o & » 302
Span, 't . ¢ ¢ ¢ ¢ o o ¢ ¢ o s s o ¢ s o & & 6 5 a8 s 4 a o 37.12
Aspect TBEIO « ¢ v ¢ o 6 s o 6 6 4 e 8 e e e e 4 0 e e e L9
Taper ratlo « « « ¢« « o o o & 4 e 2 6 s ¢ e e e e e 4 o . 0.51
Mean aserodynamic chord (wing station 98.7 in.}, £t . . . . . 8.1
Dihedral angle, d€Z s « « o o o o o o o o o o s o o o o s o » 3.0
Sweepback of 0.25-chord 1line, deg « « « o + o s o « ¢ » o o & 35.23
Geometric twist, deg . . « . . . e o s s 6 8 s & s e e« o e 2.0
Root alrfoll section (normal to O. 25 -chord line} . . . NACA 00l2-6h

(modified)
Tip airfoill section (normal to 0.25-chord line) . . . . NACA 0011-64

(modified)

Wing ares sffected by £lap, S £ « « ¢ « ¢« « ¢ « ¢ o « » « « 116.6
Horizontal taill

Total area, sq £t ¢« ¢« o« ¢ o ¢ o o o o o o o s o ¢ o o o« « o o 35.0
SPAN, L o o o o o o o o o s e e e e e e e e e e ... 12.7
ASDECE TBEIO ¢ ¢ ¢ ¢ ¢ ¢ o o o e o 6 o 6 o s e 8 e 6 s s e s L. 65
Taper ratlo « o o o o ¢ ¢ ¢ e 4 e e 4 e 4 e e e e e e e oo 0.45
Dihedral angle, deg .« + « . . e e e s e s e e e e e 10.0
Mean serodynamic chord (horizontal-tail station 33.54 in.) ft 2.9
Sweepback of 0.25-chord 1in€. « « « + o « o o = o « « =« » o » 34,58
Airfoll section (parsllel to center line) . . . . . . . NACA 0010-6k

Vertical tsil

Total area, SqQ L « o « o o o o o o o o o o o« s o a o o o s s 3h.k
Span, ft .+ ¢ ¢ ¢ ¢ ¢ ¢« o o 4 0 6 e 4 s e s e s s e s e o s 7.5
ASPECt T8EI0 v ¢ ¢ 6 5 ¢ v+ e @ o« o s s 8 s o5 s s e s e e s 1.7%
Taper ratio « « « o ¢ o & . e e e VT e e e e e e 0.36
Sweepback of 0.25= chord line, deg e s s e ¢ o s e e e e e 35.00
Flep Lttt T
Total 8T€8, B8QG Th o o « s s ¢ ¢ o o s o o o o o o o o o o o o 23.7
Spen (from 13.4 to 49.5-percent semispen), £t . . . . . . . . 7.27

Chord (comstant), ££ o ¢ o o o o o o o s o o o« o o o o o o = 1.67




TABLE II.- PILOTS' OBSERVED STALLING AND AFFROACH CHARACTERISTICS
FOR VARIQUS FLAP AND LEADING-EDGE DEVICES.

Conf-lguration Btal) Carrier -pﬁunh
P 121&)
Lot Indioated | Qroms Indicatad
Resson for limiting
Igl;.us ¥lap NC | air spesd,) welght, 1b Charectoristios air apood, B
6-3 slat|38° mlotted | Noos g9 12,750 | Werpings Thsatisfactory 15 Inadaquats longdtudine) con-
Btally ~— ol and rmhg;g |
Werning: Bome - mentisfactary Proximity to iradequata
6-3 slat| W° ‘h & 1e,630 Btall: Merginel - sxtisfactory * altivids control
Warning: Nove - unas actary Prociuity to whall, inedequato
6-3 mlat| 3 are %0 12,70 | gtally Merginal - satisfactory 103 nlti'htg.n sontral and vial-
bility
A Warning: betisfactory {tdine]l oom-
-850 s1at|35° alotted |Fooe % 14,200 o4 oo 106 mﬁﬂﬁﬂﬁ Lons
: 93 knote, less than
lr-eﬁn st @ On 2] 12,860 with ELC off 98 Pracimity to stall
Btall; Butisfactery
' Insdequats longitudinal oon-
- alat| 90 o 93 12,060 | Mrmine: 103 Mot setigctoy) m ol =, ity o srree
63 nlat| 3 alotbed |Rme| 90 12,M0 | M4 pltehup with rall-oft 103-108 }'ﬂ“ Fliah-up ani
Weroing: Mﬂ:‘ﬁy
Gaam 0 || 3 | om0 | B ey | 990 | Proximity o pitoh-up
with laterel instahility at
cIm
Warping: (nestisfactary -
B -3 alap| m° are 93 12,860 agoal, ;:;# 5B-103 zmunt: o Htoh ,::. e
H +] L}
06D slat|38° alotted |Nome 92 18,860 S atier 108 mmﬁmwm }
F-80 alat| 5P m ] 18,860 | WaTning: 91 knota, satiafactory | o658 Ahﬂi::y 10 oodtral Tate of
Batdaf [ 3
H } very mild:
85D mlnt 50 afe 92 12,860 wnaati 108-113 Ability to control rate of
Etall; Batdiefantary elnk
Smooth to 100 Imota; yaw to
6-3 slat |38% mlobted |moma 92 13,310 left ut g knots ﬁ‘ Tell 106 mﬂmﬁ“;‘ gonwel
Warning: agtay
¢ 6-3 slat 550 L 12,860 mu;nw“m dus to a7 Procinity to piteh-up
63 slat P oer g0 12,860 1% + ‘h“ﬂ'f“':?ﬂ . 110 Abliity to arrest rnte of mink
P-8D slat|36° alotted Wene| 98 300 | R et o | LTG0 oonbeol rata of
by | W0 & B8 17,060 | Btall: Batizfactory 98106 | Pracmity to stall
T-060 slat] 530 ot 7] 12,860 | Btell) Matlsfaotary 110-113 | AbLlity to combrel, altitids
Warning: knots, \mentisfs.
b h--a&n alat b ta 90 12,980 tory, 1 pitoh-mp s Inrdaquatie altitade sontrol
H rLQry
Warning; vnRatiatmytory Hlov Imgitwiinal control of
3P | B Jorr % 13,660 | oo 7 ! 109 Flight path visiddlity

OEDOGY WH VOVN

LT




18

NACA RM A56G30



NACA RM A56G30 19

fr
y

3z’

Figure l.- Two-view drawing of the test alrplane.
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General view of test airplene.
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Figure 4.~ Typical cross section of flep.
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Flgure 5.~ Close-up showing flap ducting details.
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Figure 6.- Variation of engine bleed air with engine speed; sea level,
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Figure T.~ Variation of astatie thrust with engine speed for blowlng on and off; sea level.
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Figure 8. - Variation of pressure ratio with engine apeed; sea level.
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All dimensions in feet

.667 = 1.06 >~

Normoal section showing slat open and closed
Siat extent: 24 B to 96 l’/z

-

A .667 i 1.083 -
™
6-3 section showing siat open and closed.

Stat extent: 24 B/ to 9604

08
atlO PSIG

Modified 6-3 section showing boot infiated at 10PSIg and defloted.
Boot extent: 20P4 tooetm

Figure 9.- Cross sections of various devices normal to the wing leading
edge; wing station 0.857 b/2.
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(a) 100-percent engine speed.

Figure 10.~ Lift, drag, and momentum~coefficient curves for various flap deflections; 6-3 slatted

leading edge.
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Figure 1l.- Lift and drag curves for slotted flap; 6~3 slatted lesding edge.
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Figure 12.~ Veriation of flsp 1lift increment with angle of attack for
various flsp deflections; 100-percent engine rpm, 6-3 slatted lead-
ing edge. . . .
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Pigure 13.- Continued.
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Figure 13.- Continued.
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Figure 13.- Concluded.
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Figure 14, -~ Varietion of Cy with indicated airspeed for varlous engine speeds; geer down,
£laps 60°.
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Figure 15.- Variation of flep 1ift increment with flap deflection for
various engles of attack; 100-percent engine speed.
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Figure 16.~ Lift and drag curves far varlous lesding-edge devices; 80-percent englne speed.
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Figure 17.- Variation of stalling speed with gross weight for variocus
flap deflections and engine speeds; sea level, 6-3 slatted leading

edge.
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Figure 18.- Variation of flap 1lift increment with angle of attack for
various leasding-edge devices; Bf = 559, 80-percent engine speed.
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Figure 19.- Varlation of Cf, with €, for wind tunnel and flights; F-86D
sletted leading edge, Sf = 60°, gesr up.
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Figure 21.~ Variation of catapult take-off veloecity with gross weight

for various flap deflections with blowing
leading edge, sea level.

on and off; 6~3 slatted
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Figure 22.- Variation of take-off distance with gross weight for varilous
flap deflections; blowing on and off, 6-3 slatted lesding edge,

sea level.
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Figure 23.- Variation of rate of climb with gross weight for varlous flap
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Figure 24.- Variation of approach speed with gross weight for various
flep deflections; 6-3 slatted leading edge.
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FPigure 25.~ Relationship of pilots! selected aspproach speeds to 1ift
curves for various flap deflections; 6-3 slatted leading edge,
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Figure 26.~ Variation of flap 1lift increment with engine speed; 6-3

glatted leeding edge.
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